Objectives Articular cartilage proteo-
caused no apparent change in the Golgi apparatus. The shape of some cells changed to a more retracted form after 30 MPa continuous pressure. Nocodazole, which causes disassembly of the microtubules, blocked the compacting influence of pressurisation on the Golgi apparatus, and reduced proteoglycan synthesis to about half of the control level. Conclusions The packing of the Golgi apparatus is dependent on microtubules and may contribute to the inhibition of proteoglycan synthesis observed in articular cartilage subjected to high hydrostatic pressure.
(Ann Rheum Dis 1993; 52: 192-198) Mechanical forces play an important part in the regulation of articular cartilage matrix.' Moderate running exercise increases the glycosaminoglycan content of articular cartilage,2 3whereas strenuous exercise has an opposite influence with proteoglycans reduced, particularly from the superficial zone.4 Lack of load bearing results in a reduced proteoglycan content in cartilage.' 6 The changes in proteoglycan content lead to alterations in the biomechanical properties of cartilage.7 The atrophy following reduced loading and the loss of superficial zone proteoglycans following strenuous exercise may put articular cartilage at risk of permanent injury.
During joint loading chondrocytes in articular cartilage are first exposed to a hydrostatic pressure gradient which is followed by deformation and fluid flow. The latter events are associated with streaming currents and physicochemical changes in the extracellular tissue matrix. Of these factors only hydrostatic pressure can be investigated independently, because it can be applied on cells and tissues without simultaneous fluid flow or tissue deformation. When applied experimentally, its action is uniform in all parts of the tissue. The most striking effects of hydrostatic pressure are exerted on sites of phase changes such as the water/lipid interphase in membranes. 8 Hydrostatic pressure has been suggested to control protein and proteoglycan synthesis in articular cartilage.9 10 Hydrostatic pressure has multiple effects on cellular processes.8 Most studies, however, have been performed on single cell organisms and few data are available on the effects of hydrostatic pressure on mammalian cells. Relatively small pressures (5 MPa) stimulate Na-K ATPase activity in erythrocytes," but higher pressures have inhibitory effects, e.g. on exocytosis'2 and protein synthesis.'3 Malignant cells may be more resistant to hydrostatic pressure than normal cells. '4 The Golgi apparatus of the mammalian cell is an organelle which consists of an interconnected network of stacks of flattened cistemae and tubular structures.'5 The Golgi apparatus is localised in a juxtanuclear position together with the microtubule organising centre. Intact interphase microtubules are essential in maintaining the structural integrity and location of the Golgi apparatus as shown experimentally by the aid of microtubule disrupting agents, such as colchicine, nocodazole, and vinca alkaloids. '5 16 In cells treated with these agents, the Golgi apparatus is dissociated into small cytoplasmic vesicles. Funtionally, the Golgi apparatus affects the construction, processing, and intracellular targeting of synthetic products.
In chondrocytes, proteoglycan synthesis requires a well coordinated assembly of the protein and carbohydrate components. In rat chondrosarcoma cells, proteoglycan synthesis 5, 15, or 30 MPa hydrostatic pressure with three cycle alternatives. In the first, the cells were exposed to continuous pressure during the whole experiment -that is, for two hours. The other loading procedures were cyclic: four seconds pressure on, followed by four seconds no pressure (0-125 Hz), or one second pressure on then 19 seconds no pressure (0-05 Hz) for a two hour period.
To study proteoglycan synthesis, dishes without the coverslips were filled by medium and covered by the membrane as described earlier. The chondrocyte cultures were labelled with 5 gCi/ml sulphur-35 labelled sulphate (carrier free, Amersham International, Little Chalfont, United Kingdom) injected through the membrane. The membrane was patched by a small piece of tape and parallel dishes were immediately incubated at 37°C in the pressure and reference chambers. The cultures (seven in each chamber) were pressurised continuously at 30 MPa for two hours. After loading the dishes were put on ice and the incorporated sulphur-35 radioactivity was isolated by PD-10 columns (Sephadex G-25, Pharmacia, Sweden) and measured by liquid scintillation counter (LKB, Bromma, Sweden). The DNA content of each dish was determined by the method of Kim et al. ' 
Results
In these experiments the Golgi apparatus was visualised with TRITC-WGA, which specifically binds to sialic acid and N-acetylglucosamine residues, mainly present in the Golgi apparatus after fixation and detergent permeabilisation.20 In TRITC-WGA-stained chondrocytes a typical, bright, reticular, juxtanuclear staining pattern was present after paraformaldehyde fixation and Triton X-100 extraction. The Golgi apparatus formed a stacked structure polarised to one pole of the chondrocyte, leaving the other pole largely unstained (fig 1) .
The chondrocytes were subjected to various loading procedures after reaching confluence. After continuous 30 MPa pressure the Golgi apparatus was packed into a clump but remained in the above-mentioned region of the cell (fig 2) . The morphology of some cells was also altered to a more retracted form. Under Golgi apparatus was packed into a clump. Bar=S,um. electron microscopic examination control chondrocytes displayed the Golgi apparatus as a set of flattened cisternae arranged in a stack ( fig 3A) , but in pressurised cells the Golgi apparatus was disorganised and no stacks were found ( fig 3B) . Sulphate incorporation, which reflects the proteoglycan synthesis, was decreased by 18 (12%) (mean (SE)) from the control values. If the 30 MPa continuous load was extended up to 20 hours, the synthesis rate decreased by 36% (Lammi et al, unpublished data).
The reversibility of the altered structure of the Golgi apparatus was studied by fixation of coverslips 15, 30, 60 , and 120 minutes after withdrawing the pressure. After 15 minutes no recovery was seen, but after 60 minutes the organisation of the Golgi apparatus was fully re-established (data not shown).
If the chondrocytes were exposed to cyclic loading with 30 MPa using 0 125 Hz (fig 4) 6) . The microtubules in chondrocytes were disrupted after half an hour of cold treatment ( fig 7A) . The typical radial staining pattern of the microtubules seen in control cells (data not shown) was absent following cold treatment. The morphology of the Golgi apparatus remained intact through this treatment ( fig  7B) , however, and during the subsequent rearrangement period of the microtubules at 37°C (fig 7C) . Pressurisation at 30 MPa immediately after cold treatment led to clumping of the Golgi apparatus into the perinuclear area as seen without cold treatment ( fig 7D) .
Nocodazole, which reversibly and highly specifically disrupts the microtubules, led to fragmentation and dispersion of the Golgi apparatus over the cytoplasm ( fig 8A) . After pressurisation of the nocodazole treated chondrocytes, the Golgi apparatus remained such as chondrocytes, the main function of which is to synthesise and export macromolecules for the maintenance of the extracellular matrix. In chondrocytes the glycosylation and sulphation of proteoglycans take place in the Golgi apparatus, where specific enzymes sequentially add more than 1000 sugar residues into the chondroitin sulphate and keratan sulphate chains of a single large cartilage proteoglycan molecule (aggrecan). In this study we have shown that hydrostatic pressure altered the structure of the Golgi apparatus, which may account for the previously observed decrease in proteoglycan synthesis.2"
Sialic acid, the terminal residue of several oligosaccharides including cartilage keratan sulphate, is attached to its substrates by the Golgi apparatus sialyl transferases. Therefore WGA, which binds to sialic acid residues, can be used for staining the Golgi apparatus. TRITC-WGA binding sites are localised in the medial and trans cisternae of the Golgi apparatus.22 In TRITC-WGA stained cells the Golgi apparatus was clumped juxtanuclearly after continuous 30 MPa pressure. Electron microscopy after this loading procedure revealed that the clumping of the Golgi apparatus resulted from the disorganisation of the Golgi stacks. The Golgi apparatus was probably fragmented and condensed into the juxtanuclear cytoplasm and wads visualised as a clumped structure by light microscopy.
The stresses acting in the bovine knee joint have not been measured, but it has been estimated that the static compressive stress in the knee joints of cows is 08 MPa. 23 The stresses on the cartilage surface in various species of different sizes, including humans, are relatively constant. During the walking cycle, 0-8-6-3 MPa pressures can be found in the human knee joint,24 but in the human hip joint peak pressures exceeding 18 MPa have been measured. 25 Therefore, 5 MPa appears to represent an ordinary physiological pressure level, 15 MPa a high physiological pressure, whereas 30 MPa is possibly beyond the physiological pressure range.
Thus far little is known of the mechanism by which the pressure influences the chondrocytes. We cell and cell to substrate adhesions was responsible for the alterations of the general cell morphology.28 Our results agree with the earlier findings that a certain pressure level must be exceeded to achieve a change in cell morphology. 28 The alterations of the Golgi apparatus depended on the pressure level and the cycle applied. Within the range of physiological pressures (15 MPa or less) some packing occurred in the Golgi apparatus but no changes were observed in the general cell morphology. This suggests that the change in the Golgi apparatus is one of the first structural alterations following an increase in hydrostatic pressure and not due to the general impact of pressure on the cell shape.
The morphology of the Golgi apparatus is closely associated with the integrity of the microtubules,30 possibly through microtubule associated proteins.3' The role of the microtubules in the packing of the Golgi apparatus was tested by exposing the chondrocytes to 30 MPa pressure after depolymerising the microtubules. This was accomplished by nocodazole, which binds tubulin heterodimers and inhibits their polymerisation, resulting in progressive depolymerisation of the microtubules. The treatment led to fragmentation of the Golgi apparatus into numerous vesicles scattered throughout the cytoplasm. High hydrostatic pressure did not induce clumping of the Golgi apparatus in these cells, suggesting that intact microtubules were essential for the packing of the Golgi apparatus on increased hydrostatic pressure. Proteoclycan synthesis was reduced to half of the control level due to the depolymerisation of the microtubules and packing of the Golgi apparatus. As proteoglycan secretion still proceeded, though at a reduced rate, it seems that there must be routes independent of microtubules to transport newly synthesised proteoglycans to plasma membrane. The microtubules are possibly essential in gathering the Golgi cisternae into a single stack.'5 The role of the microtubules in the secretion of proteoglycans is then more facilitatory than obligatory. The individual Golgi cisternae or vesicles may operate independently but not as efficiently as the whole Golgi apparatus.32 33 After depolymerisation of the microtubules, hydrostatic pressure had no effect on sulphate incorporation with the stimulatory loading regime. ' 
